The scarce remnants of Earth's earliest history make it challenging to describe the crust-forming processes that operated during that time, and all evidence that survived subsequent tectonism and recycling deserves to be studied closely. We present geologic, petrologic, geochemical, and isotopic descrip- 
INTRODUCTION
Study of early Earth's crust is complicated by the small volume of such crust that survived subsequent tectonic processing and remains exposed on the surface today. Direct investigation of these rocks, which are found in small volumes on most continents, can be augmented by study of detrital zircons, which due to their refractory nature, can (if not metamict) survive multiple cycles of erosion, transport, and deposition. Even the early Archean detrital zircon record is not extensive: few zircons older than 3.9 Ga have been found in metasedimentary rocks older than 3.5 Ga (Nutman, 2001) , and in a compilation of nearly 200,000 individually dated zircon grains, only 4% had ages of 3 Ga or older (Voice et al., 2011) . The latter compilation included many analyses from the few units bearing very old zircons, for example, from the Jack Hills metasedimentary belt, such that it is likely that zircon grains older than 3 Ga were purposefully overrepresented compared to their abundance in the sedimentary record.
Investigations of the Archean rock record suggest that tectonic processes operating on early Earth may have varied from craton to craton. For example, in the Nuvvuagittuq area of the Superior Province, a succession of mafic lavas and ultramafic intrusions, 3.8 or 4.4 Ga in age, has been interpreted as an evolving arc sequence formed by subduction processes similar to those operating in modern oceanic arcs (Turner et al., 2014) . A suite of 3.7-3.8 Ga volcanic and sedimentary rocks from Isua, West Greenland, has similarly been interpreted to be the product of intra-oceanic subduction processes. On the other hand, the Paleoarchean history of the Minnesota River Valley is dominated by intracrustal recycling from ca. 3.5 to 3.1 Ga (Satkoski et al., 2013) . In the Pilbara craton, vertical tectonics dominated the early Archean record, where a mantle plume source produced a series of mafic and ultramafic lavas and a complementary subcontinental lithospheric keel over a period of some 300 m.y. .
The inescapable conclusion is that the scarce and varied remnants of Earth's earliest history make it very challenging to describe the processes that operated during this time. Because each craton preserves a distinct record, it is important to study them all in order to obtain a full understanding of how Earth's earliest crust formed and evolved. Despite their accessible locations and extensive exposures, the Archean rocks of the Wyoming Province are relatively little studied. In this paper, we help to rectify the underrepresentation of data from the Wyoming Province by presenting a geologic, petrologic, geochemical, and isotopic description of Paleoarchean gneisses in the Sacawee block of central Wyoming and revealing a record of Hadean crust formation and its subsequent Archean reworking and growth.
GEOLOGIC BACKGROUND
Archean rocks of the Wyoming Province are exposed in basement-involved Laramide uplifts in Wyoming and adjacent states. Neoarchean granite and granitic gneiss are the dominant rock types, although older tonalite-trondhjemitegranodiorite (TTG) gneisses occur in most uplifts (Fig. 1) . The craton has been divided into three subprovinces: the Montana metasedimentary province, the Bighorn-Beartooth magmatic zone, and the southern accreted terranes ( Mueller and Frost, 2006) . The oldest rocks are found in the Montana metasedimentary province and Bighorn-Beartooth magmatic zone. The Montana metasedimentary province is composed of quartzite, pelitic schist, and metacarbonate rocks structurally intercalated with older (3.3-3.5 Ga) quartzofeldspathic gneiss (Mueller et al., 1996) . Detrital zircon suites have provided U-Pb dates of 3.3-4.0 Ga, suggesting the presence of older Paleoarchean (3.2-3.6 Ga) and Eoarchean (3.6-4.0 Ga) crust (Mueller et al., 1992 (Mueller et al., , 1998 . The Bighorn-Beartooth magmatic zone is dominated by 2.9-3.5 Ga TTG orthogneisses and ca. 2.8 Ga granodiorite and granite (Mueller et al., 1996 (Mueller et al., , 2010 Mueller and Frost, 2006) . The most extensive areas of TTG gneisses are exposed in the southern Bighorn Mountains (Frost and Fanning, 2006; C. Frost et al., 2006a) and in the Sacawee block in the northern Granite Mountains (this study). Evidence of older crust in the Bighorn-Beartooth magmatic zone is suggested by U-Pb dates of ca. 3.3 Ga on zircon from quartzite (Grace et al., 2006) and on zircon areas interpreted as inherited cores from gray gneiss (Frost and Fanning, 2006) . Much of the Bighorn-Beartooth magmatic zone has been undeformed since ca. 2.8 Ga. However, the southern margin was affected by deformation at ca. 2.64 Ga, and the Teton and Wind River Ranges preserve evidence of another, older deformation event that occurred between 2.65 and 2.70 Ga (the Wind River-Teton domain of B.  Fig. 1 ). High-pressure granulites and calcic trondhjemites in the Teton Range have been interpreted to reflect collision of the Wyoming Province with another continental block between 2.70 and 2.68 Ma (B. Frost et al., 2016a) .
South of the Bighorn-Beartooth magmatic zone, the southern accreted terranes are dominated by Neoarchean magmatic and metasedimentary rocks interpreted to have been juxtaposed along a long-lived active margin. This event produced mostly NE-SW-trending fabrics (Meredith, 2005) , followed by the intrusion of the calc-alkalic Louis Lake batholith in the Wind River Range and calc-alkalic and alkali-calcic granites of the Wyoming batholith in the Granite and Laramie Mountains. Both of these batholiths are dated at 2.63-2.62 Ga and have compositions comparable to Phanerozoic granitic complexes that were emplaced in a continental arc setting (Frost et al., 1998; Bagdonas et al., 2016) . Neoarchean supracrustal sequences in the southern accreted terranes include juvenile suites composed mainly of metagray wacke and mafic metavolcanic rocks with sparse quartzite, pelitic, ultramafic, and felsic metavolcanic rocks; these suites have been interpreted as exotic accreted terranes along the southern margin of the Wyoming Province (C. Frost et al., 2006b ). Other supracrustal sequences contain greater proportions of pelitic schist and quartzite and have Nd isotopic signatures suggestive of old continental detritus, perhaps derived from the Montana metasedimentary province and Bighorn-Beartooth magmatic zone (Grace et al., 2006; Souders and Frost, 2006) . The inferred continent-continent collision in the Teton Range, intrusions compositionally equivalent to Phanerozoic continental arc magmatism, and presence of accreted terranes along the southern margin of the province have been interpreted as evidence that processes akin to modern plate tectonics were operating in the Wyoming Province by 2.7 Ga (Frost et al., 1998; C. Frost et al., 2006b) .
Two important characteristics of the Montana metasedimentary province and BighornBeartooth magmatic zone provide insights into their formation. Although both subprovinces are dominated by Neoarchean rocks, Paleoarchean to Eoarchean Nd model ages have been documented in both areas, suggesting an earlier crustal history (Wooden and Mueller, 1988; Frost, 1993; Mueller et al., 2004; C. Frost et al., 2006b; Grace et al., 2006) . Also distinctive is the elevated feldspar and whole-rock 207 Pb/ 204 Pb isotopic signature shared by meta-igneous rocks throughout the two sub provinces (Fischer and Stacey, 1986; Wooden and Mueller, 1988; Mueller et al., 1993; Frost et al., 1998; C. Frost et al., 2006a) . This signature is best interpreted as recording an early period of crustal extraction from the mantle (e.g., Wooden and Mueller, 1988; C. Frost et al., 2006a) . To produce the observed Pb isotopic ratios, which lie above the model upper continental crust of Zartman and Doe (1981) Pb ratio much higher than coeval mantle (denoted as "high m" by Oversby, 1975) . A U/Pb ratio typical of continental crust would require separation of this reservoir at ca. 4.0 Ga; a reservoir with higher U/Pb ratio could have separated a few hundred million years later (Mueller and Frost, 2006; C. Frost et al., 2006a) . Some other Archean cratons also show a similar elevated initial 207 Pb/ 204 Pb isotope signature. These include the North Atlantic, western Slave, Zimbabwe, Anshan, and Yilgarn cratons (Luais and Hawkesworth, 2002; Kamber et al., 2003; Kamber, 2015) . Like the Wyoming Province, these cratons contain Eoarchean zircon ( Kamber et al., 2003) . The old Nd model ages and "high m" Pb isotopic characteristics indicate that the evolution of the Wyoming Province, and other similar cratons, involved remelting of much older continental lithosphere. The essential questions are the composition of that older lithosphere and the geodynamic processes that produced such remelting in the Eoarchean and Paleoarchean.
GEOLOGY OF THE SACAWEE BLOCK
The Sacawee block of the central Wyoming Province, first recognized by Grace et al. (2006) , is a narrow belt of Archean crust exposed along the southern margin of the Bighorn-Beartooth magmatic zone that extends east-west for at least 70 km in the northern Granite Mountains (Fig. 2) . It is intruded along the south by the 2.63-2.62 Ga granite of the Wyoming batholith (Bagdonas et al., 2016) and along the north by ca. 2.65 Ga foliated granite (Peterman and Hildreth, 1978; Hausel, 1996) . The Archean rocks, which are exposed in low hills and inselbergs, have been described by Peterman and Hildreth (1978) , Fischer and Stacey (1986) , Hausel (1996) , Kruckenberg et al. (2001), and McLaughlin et al. (2013) , and in theses by Langstaff (1995) , Fruchey (2002) , Grace (2004) , and Meredith (2005) .
These workers established two main Archean rock assemblages. The oldest is a suite of bimodal quartzofeldspathic gneisses and mafic rocks, variably deformed and interlayered on outcrop to map scale. The quartzofeldspathic gneisses are mainly biotite-bearing tonalites and granites. Mafic rocks are present as inclusions within the quartzofeldspathic gneisses, as dikelike and podiform amphibolites, and as gabbroic and ultramafic intrusions. The Paleo archean age of the gneisses was first suggested by Fischer and Stacey (1986) , who obtained U-Pb isotopic data on multigrain zircon fractions from one drill core and two outcrop samples of quartzofeldspathic layered gneiss. Their results yielded discordant analyses that together suggested an imprecise upper-intercept age of around 3.2 Ga. This date was interpreted as the minimum age of the gneisses. U-Pb results from zircon reported in subsequent studies (Langstaff, 1995; Fruchey, 2002; Kruckenberg et al., 2001) , although complex, also suggested the presence of ca. 3.2-3.3 Ga gneisses throughout the Sacawee block. More concordant results were published by Cola and Sutherland (2014) , who reported U-Pb analy ses by chemical abrasion-thermal ionization mass spectrometry (CA-TIMS) performed Pb ages ranging from 3.32 to 3.38 Ga. These data were interpreted to reflect magmatism no older than 3325 Ma, with inherited components as old as 3372 Ma.
The other rock types identified within the Sacawee block are supracrustal sequences of differing ages. The older succession is the 2.86 Ga Barlow Gap Group. This group is composed of quartzite, metapelite, dacite, and iron formation overlain by mafic metavolcanic rocks (Fruchey, 2002; C. Frost et al., 2006b ). The younger 2.72 Ga Rattlesnake Hills Group is composed of the McDougall Gulch metavolcanic unit, which consists mainly of metabasalt, and the overlying UT Creek Formation, which is dominated by metagraywacke interbedded with minor metabasalt and metadacite (Hausel, 1996; C. Frost et al., 2006b ).
SAMPLE DESCRIPTIONS
Because our goal was to establish the processes of formation of Paleoarchean crust, this study analyzed samples of the oldest rocks that constitute the Sacawee block, the quartzofeld spathic orthogneisses. These gneisses are weakly deformed in some areas, are moderately to strongly foliated in other areas, and are strongly lineated in still other places. Subdividing the gneisses is difficult because intensity of deformation varies; the same protolith may appear as a relatively equigranular rock in one place and a strongly foliated gneiss in another. All are metamorphosed to low-pressure amphibolite facies. Nevertheless, there appear to be two broad groups of gneisses: those that exhibit banding or layering on a centimeter to meter scale, and those that are massive. Following Fischer and Stacey (1986) , we term these two groups layered gneisses and massive gneisses, respectively. Sample locations are shown on Figure 2 , and Universal Transverse Mercator (UTM) locations are provided in the supplemental files in Table DR1 . 
Layered Gneiss
The layered gneiss is mainly biotite tonalite, although hornblende biotite tonalite is documented in one locality (Fig. 3A) . Layering may be defined by varying grain size, degree of defor mation, compositional variations such as abundance of biotite, or by bands of amphibolite ( Fig. DR1 [see footnote 1] ). We include with the layered gneisses a tonalitic gneiss found only on the eastern end of Black Rock Mountain near Pathfinder Reservoir. This gneiss, known as the UC Ranch orthogneiss (Langstaff, 1995; Kruckenberg et al., 2001) , is foliated and locally exhibits compositional banding. In thin section, layered tonalitic gneiss consists of plagioclase, quartz, and biotite, with accessory allanite, titanite, zircon, and apatite. Plagioclase grains generally retain an igneous, tabular habit and commonly display bent and deformed twins. Hornblende is found only in the tonalitic gneisses of the Beulah Belle Lake quadrangle. Potassium feldspar is absent, although some samples contain small amounts of microcline exsolved within plagioclase ( 
Massive Gneiss
Massive gneiss includes biotite tonalite, granite, and granodiorite. These rocks are texturally varied, ranging from coarse to fine grained, equigranular to porphyritic, and may be foliated or lineated ( Fig. 3B; Fig. DR3 [see footnote 1]). The massive gneiss is composed of plagioclase, potassium feldspar, quartz, and biotite, and it contains accessory allanite, titanite, zircon, and apatite ( Fig. DR4 [see footnote 1] ). Foliation is defined by biotite. The most widespread massive gneiss unit is the Sacawee orthogneiss, a distinctive, coarse-grained biotite quartzofeld spathic gneiss that commonly contains megacrysts of potassium feldspar and glomeroporphyritic biotite. It is present throughout the Sacawee block from the Tin Cup Mountain area in the west to Black Rock Mountain in the east. It is commonly associated with a finer-grained granite known as the Antler gneiss (Fruchey, 2002) . The Muskrat Basin granite, which occupies an extensive area in the western Sacawee block, is a mildly foliated granite porphyry with large potassium feldspar crystals in a finegrained groundmass. Both the Muskrat Basin and Sacawee gneisses contain protomylonitic varieties where associated with shear zones.
Two other distinctive gneisses were observed in the south-central portion of the Stampede Meadows quadrangle. The first is a gray "wispy" gneiss that crops out over an area of 1 × 0.5 km within the layered gneiss. This biotite gneiss is fine grained and contains ribbon quartz. It has undergone recrystallization not observed in any other samples. We interpret it as 1 GSA Data Repository item 2016297, including U-Pb zircon geochronology tables, field photographs and photomicrographs, additional U-Pb concordia figures, and zircon cathodoluminescence images, is available at http:// www .geosociety .org /pubs /ft2016 .htm or by request to editing@ geosociety .org. slightly older than the massive granites in which it occurs. The second is a pyroxene tonalite that occurs as a 1-m-diameter inclusion of relatively mafic rock. This pyroxene tonalite exhibits less foliation than the enclosing layered gneisses. It contains hornblende rimming and replacing augite along with plagioclase and quartz. It is the only gneiss of intermediate composition that we observed in the Sacawee block.
Samples collected from the western parts of the Sacawee block record a latest Archean or early to mid-Proterozoic hydrothermal alteration event. Both the gneisses and the 2.63-2.62 Ga Wyoming batholith granite affected by this alteration contain epidote replacing biotite and rimming allanite, sericite replacing plagioclase, and chlorite replacing biotite. In addition, secondary muscovite is observed in some massive gneiss samples throughout the Sacawee block.
Mesoarchean Gneiss and Granite from the Bighorn Mountains
Although absent in the Sacawee block, much of the Bighorn-Beartooth magmatic zone is composed of Mesoarchean TTG gneiss and ca. 2.8 Ga granite and granodiorite (Mueller et al., 2010; C. Frost et al., 2006a) . We obtained d
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O and Hf isotopic data on zircons from samples from the Bighorn Mountains. Petrographic descriptions, geochemistry, U-Pb zircon geochronology, and Nd isotopic compositions of these samples have been previously determined by Frost and Fanning (2006) and C. Frost et al. (2006a) . The additional data reported here allow for a comparison of Paleoarchean and Mesoarchean crust-forming processes in the BighornBeartooth magmatic zone of the Wyoming Province.
ANALYTICAL METHODS

U-Pb Geochronology
U-Pb isotopic data on zircon were obtained using the sensitive high-resolution ion microprobe-reverse geometry (SHRIMP-RG) at the Australian National University. Zircon grains were mounted in epoxy together with chips of the Temora reference zircon (Black et al., 2003) and polished. Cathodoluminescence (CL) scanning electron microscope (SEM) images were taken for all zircon grains. The U-Th-Pb analyses were performed following procedures similar to those given in Williams (1998, and references therein) . Temora reference zircon grains were analyzed after every three unknown analyses. The data were reduced using the SQUID Excel macro of Ludwig (2001) . The Pb/U ratios were normalized relative to a value of 0.0668 for the Temora reference zircon, equivalent to an age of 417 Ma (Black et al., 2003 Pb ages were calculated, and uncertainties are reported at the 95% confidence level. U-Pb isotopic data for nine samples described herein are reported in the supplemental files in Tables DR2-DR10 (see footnote 1).
Geochemistry
Samples for whole-rock geochemical analysis were prepared by crushing rock trimmed of weathered surfaces between tungsten carbide plates in a hydraulic press, followed by powdering in a ceramic or tungsten carbide ring mill. Major elements for most samples were determined by X-ray fluorescence (XRF), either at the University of Wyoming or at XRAL Laboratories, Don Mills, Ontario, Canada. Majorelement compositions for samples analyzed at ALS Minerals, Reno, Nevada, were obtained by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Reproducibility determined from replicate analyses is better than 0.01% for all oxides, except SiO 2 , which is better than 0.1%. Trace elements for samples analyzed at XRAL Laboratories and ALS Minerals were determined by inductively coupled plasma-mass spectroscopy (ICP-MS). Average reproducibility was <5% for all elements, except for Rb, Hf, Eu, Tb, Tm, and Yb (<15%) . In addition, a limited suite of trace elements was obtained by XRF for samples analyzed at the University of Wyoming. Detection limits were <2 ppm for Rb, Sr, Zr, Y, and Nb; <10 ppm for Yb and Nb; 20 ppm for Ba and Sm; 25 ppm for Nd; 30 ppm for La; and 43 ppm for Ce. Data are presented in Table 1 .
Sm-Nd Isotopic Analysis
Sm and Nd were isolated from homogenized powders of Sacawee block gneiss samples using standard ion exchange methods described in C. Frost et al. (2006a) Goldstein et al. (1984) . Data are presented in Table 2 .
O and Lu-Hf Isotopic Analysis
Following U-Pb analyses, the SHRIMP U-Pb pits, 1-2 mm deep, were lightly polished away, and oxygen isotope analyses were made as far as possible in the same location using a SHRIMP II fitted with a Cs ion source and an electron gun for charge compensation as described by Ickert et al. (2008) . Oxygen isotope ratios were determined in MC mode using an axial continuous electron multiplier (CEM) triplet collector, and two floating heads with interchangeable CEMFaraday cups. The Temora and Duluth Gabbro FC1 reference zircons were analyzed to monitor and correct for isotope fractionation. Valley et al. (2013, personal commun ., unpublished data obtained by the laser fluorination technique for Temora 3; 7.58‰, as reported in Iizuka et al., 2013) .
Lu-Hf isotopic measurements were carried out by laser ablation (LA) MC-ICP-MS using a Neptune MC-ICP-MS coupled with a 193 HelEx ArF excimer laser at the Australian National University following procedures similar to those described in Munizaga et al. (2008) . LA analyses were centered on the same locations within single zircon grains used for both the U-Pb and oxygen isotope analyses described above. For all analyses of unknowns or sec ondary standards, the laser spot size was ~47 mm in diameter. The mass spectrometer was first tuned to optimal sensitivity using a large grain of zircon from the Mud Tank carbonatite (see Woodhead and Hergt, 2005) . Isotopic masses were measured simultaneously in static-collection mode. A gas blank was acquired at regular intervals throughout the analytical session (every 12 analyses). The laser was pulsed at 5-8 Hz repetition rate, providing an energy density on the sample surface of 3.2-3.6 J/cm 2 . Data were acquired for 100 s, but in many analyses, we selected an interval Hf also involved independent mass bias corrections for Lu and Yb using the method described in Munizaga et al. (2008) . Initial Hf isotopic compositions, expressed in epsilon form, were calculated at the U-Pb crystallization age, and two-stage depleted mantle model age calculations are given in Table 3 .
GEOCHRONOLOGY
Nine samples of Sacawee block quartzofeldspathic gneisses were chosen for U-Pb age determinations. Samples were chosen to represent the varieties of both layered and massive gneisses and were collected to provide good geographic coverage.
10GR02: Biotite Trondhjemite Layer in Layered Gneiss
This strongly foliated but compositionally homogeneous coarse-grained biotite trondhjemite gneiss (Fig. DR1C [see footnote 1] ) is composed of plagioclase, quartz, and biotite with accessory apatite, zircon, allanite, and titanite. Plagioclase exhibits igneous, lath-shaped textures, and albite twins are only mildly deformed. Zircon grains are generally elongate and subhedral, with subrounded terminations. They are dark to pale brown under transmitted light, and few grains are clear and free of alteration products, although clear areas are present in many grains. The CL response was very poor, and the images show many meta mict and altered areas. Some have oscillatory or length-parallel outer areas that enclose broad to weakly zoned interiors. The latter correspond to generally clear unaltered zircon as seen under transmitted light. In total, 26 analyses were done on 23 zircon grains. Many of the areas analyzed had lost significant amounts of radiogenic Pb (see supplemental file Fig. DR5 for a plot of all data [see footnote 1]), and there is a general correlation between discordance and U concentration; U ranges to a high of ~4920 ppm, although most areas have less than 1000 ppm (supplemental file Table DR2 [see footnote 1] ). An enlarged Wetherill concordia plot for those analyses that are ≤6% discordant is shown in Figure  4A . The analysis of grain 2 at ca. 3580 Ma is significantly older than other analyses, and the area analyzed is likely an inherited core (see supplemental file Fig. DR6 for CL image [see footnote 1]). The analysis of grain 22 has high U and Th and is reversely discordant due to alteration of that area of zircon. There is a prominent grouping of 12 analyses, close to and within uncertainty of the concordia, with a weighted mean 207 Pb/ 206 Pb age of 3452 ± 3 Ma (mean square of weighted deviates [MSWD] = 1.8), which is interpreted as the intrusive age of this orthogneiss.
11BBL02: Tonalite Gneiss
This coarse-grained hornblende biotite tonalite gneiss is complexly intercalated with amphibolite and finer-grained tonalitic gneiss (Fig.  3A) . The gneiss is foliated but preserves relict igneous textures such as tabular plagioclase. In addi tion to hornblende, biotite, plagioclase, and quartz, this rock contains minor exsolved potassium feldspar in plagioclase along with allanite, titanite, zircon, and apatite ( 
11BBL01: Tonalite Gneiss
This sample of finer-grained hornblende tonalite gneiss was collected from the same outcrop as 11BBL02 and, except for smaller grain size, shares the same mineralogy and textures. 11BBL01 and 11BBL02 are the only hornblende-bearing orthogneisses documented in this study. Field relations suggest that the fine-grained gneiss could represent a dike within the coarse-grained gneiss (Fig. 3A) . Hf of 0.283225 and 0.0385, respectively (Vervoort and Blichert-Toft, 1999) ; and the bulk earth 176 Lu/ 177 Hf value of 0.015 (Goodge and Vervoort, 2006 ). *t DM -depleted mantle model age.
The generally elongate zircon grains are notably clear under transmitted light, and mostly not metamict (supplemental file Fig. DR9 [see footnote 1]). Nineteen areas were analyzed on 18 grains, and the U contents of 19 zircon areas analyzed from this sample were generally lower than in 11BBL02, ranging from ~160 to ~1100 ppm (supplemental file Table DR4 [see footnote 1]). Despite the low U and good state of the zircon areas analyzed, most were significantly discordant, having lost radiogenic Pb. A regression line fitted to the five analyses that were <10% discordant has an upper concordia intercept of 3385 ± 14 Ma (MSWD = 0.9; Fig.  4C ; see supplemental file Fig. DR10 for a plot of all data [see footnote 1]). It is not possible to distinguish the relative ages of the two Beulah Belle Lake tonalite gneisses on the basis of these U-Pb zircon data.
00SR01: UC Ranch Orthogneiss
The dated sample was collected from the locality shown in Figure DR2E (see footnote 1), where the biotite tonalite is relatively unfoliated. The zircon grains range from slender elongate grains, often totally metamict, to clear euhedral subequant crystals with pyramidal terminations; the latter tend to be clear under transmitted light and in pristine condition. The CL images revealed a variety of internal structures, with many grains having brighter CL, lower-U central areas, often sector zoned, and thin dark-CL, high-U rims (Fig. 5) . The rims and outer areas were commonly metamict, though some that were oscillatory zoned remained, and attempts were made to analyze those areas. Overall, the U concentrations were around 80-185 ppm for the central areas and ranged to ~750 ppm for the outer areas, although some central areas were also higher in U (for example, analysis 6.2 at ~860 ppm; see also 17.1 and 18.1 in supplemental file Table DR5 [see footnote 1]). On a concordia plot for analyses ≤10% discordant, there is a clear older grouping at ca. 3820 Ma, with a secondary, lesser grouping around 3400 Ma, and scattered analyses between these two groupings and on the younger age side ( Fig. 4D ; see also all data in supplemental file Pb ages around 3400 Ma were also in the central areas of grains. A weighted mean of these four analyses has excess scatter (MSWD = 2.5); if the more concordant analysis of these four is excluded, the MSWD is << 1.0, but the three analyses are 6%-9% discordant. It is therefore concluded that two zircon age groups are preserved in this sample: the nine central areas with a weighted mean age of 3822 ± 4 Ma and the four central areas that define an age ca. 3.4 Ga. Grains containing younger central areas and the rims and outer areas of grains have all lost radiogenic Pb during the Paleoarchean.
10MB01: Porphyritic Foliated Granite from Muskrat Basin
This foliated biotite granite contains distinctive megacrysts of microcline and perthitic potassium feldspar with abundant accessory apatite and zircon. The sample is partially sericitized and contains epidote and minor chlorite and allanite. The zircon grains from this sample are dominantly elongate subhedral grains that are dark, clouded by alteration, and metamict, as is evident in the CL imaging (see supplemental file (Table DR6 [see footnote 1]). Despite the lower U and preserved CL internal structure, the majority of the areas analyzed were discordant and scattered below concordia, with only four areas being ≤5% discordant (Fig.   4E) Pb date of ca. 3525 Ma is considered to reflect inheritance. Analysis of the higher-U central component was significantly discordant but suggests it is older than ca. 3450 Ma, confirming the presence of an older Archean inheritance. Due to the dominant discordance of areas analyzed, and scatter of the limited number of more-concordant analyses, the best estimate for the likely age of this sample is 3250-3300 Ma.
11SM13 Gray Wispy Gneiss
This biotite granite gneiss is characterized by distinctive granoblastic quartz ribbons and plagioclase and potassium feldspar megacrysts. Accessory phases include zircon and monazite; secondary minerals include epidote, muscovite, chlorite, and sericite. The zircon grains have a wide range in size, from smaller grains around 100 µm or less in length, to those that are around 300-400 µm. Unfortunately, the majority of the grains are metamict, and therefore it is difficult to obtain meaningful U-Pb data (see representative CL image on supplemental file Fig. DR13 [see footnote 1]). None of the 24 grains analyzed is concordant, with many having lost more than 50% of their radiogenic Pb. The less-discordant analyses have moderate U concentrations around 350-660 ppm, with the more discordant analyses having ~2200 to ~4000 ppm U, and one area with ~9100 ppm (supplemental file Table DR7 [see footnote 1]). The U-Pb data appear to form a multistage Pb loss array ( Fig. 4F ) with an older upper intercept around 3330 Ma as the dominant anchor point, a probable late Archean Pb loss overprint, and then significant Mesozoic to modern Pb loss. A discordia line fitted to five less-discordant analyses has an upper intercept at 3329 ± 23 Ma (MSWD = 0.6). The most discordant analyses also lie on the lower extension of the discordia line shown on Figure 4F , even though they were not included as part of that regression fit. This indicates that whereas the individual analysis 207 Pb/
206
Pb dates are younger than 3000 Ma, they are likely areas of zircon that primarily crystallized prior to 3000 Ma. From the current discordant data set, it is highly likely that the primary age for zircon in this sample is around 3330 Ma, with radiogenic Pb loss superimposed at 2700-2800 Ma and again near the present day.
11SM7: Tonalite Gneiss
This pyroxene tonalite gneiss forms rounded outcrops quite different from the foliated gneisses within which it occurs. Some of the primary augite in this tonalite has been replaced or rimmed by hornblende. Accessory minerals include zircon, allanite, apatite, and titanite. The abundant zircon ranges from unaltered primary grains to those that are totally metamict. A wide range of grain sizes is present, with some ≤100 µm to many that are ~200-400 µm or greater in length. The majority of the 31 areas analyzed are close to, or within uncertainty of concordia (see supplemental file Fig. DR14 [see footnote 1]). The more concordant analyses generally have between ~90 and ~380 ppm U, with analysis 14.1 anomalously higher at ~1570 ppm U; discordant areas analyzed range to ~800 ppm U and from ~15% to ~35% discordant (supplemental file Pb ages in other grains is a consequence of radiogenic Pb loss, most likely a high-temperature event not long after primary igneous zircon crystallization, during formation of the gneissic fabric. One possible estimate of the age of the primary igneous zircon may be derived from a regression line fitted to 14 analyses, 0% to 5% discordant (Fig. 4G) , giving an upper intercept of 3325 ± 8 Ma (MSWD = 1.2). A regression fit is preferred over a weighted mean 207 Pb/ 206 Pb calculation in this case, because it is clear that there has been nonzero age radiogenic Pb loss. Therefore, the best estimate for the intrusive age of the gneiss protolith is 3325 Ma or older.
10SM10: Sacawee Orthogneiss
This sample of coarse-grained biotite tonalite contains large clusters of biotite that define the foliation. The plagioclase includes large tabular grains; microcline grains are generally smaller. Accessory minerals include zircon, apatite, mona zite, and allanite. The zircon grains are elongate sub-to euhedral grains with subrounded to pyramidal terminations. Although there are cracked and metamict areas within the grains, there are also large areas of clear un altered zircon, which is evident in the CL images, where primary igneous zoning is common. Some grains have complex internal structures, with lower-U central areas and less-wellzoned, thin, higher-U overgrowths; see grain 3 (supplemental file Fig. DR16 [see footnote 1] ). The U contents were relatively low to moderate; most were between ~70 and ~370 ppm, with a few higher values ranging to ~1400 ppm (supplemental file Table DR9 [see footnote 1]). Fourteen of the 21 areas analyzed on 15 zircon grains were ≤4% discordant (Fig. 4H) . A clear linear array is evident for the majority of the analyses, and a regression line fitted to 17 analyses has an upper intercept at 3303 ± 6 Ma (MSWD = 2.0). The lower intercept is within uncertainty of the present day, and a weighted mean of the 207 Pb/ 206 Pb ages gives 3302 ± 5 Ma (MSWD = 2.1, 17 analyses). The remaining analyses lie to the younger age side of the discordia regression line, and analysis 3.1 of the outermost, high-U, low-Th rim is suggestive of a younger period of zircon growth, post-primary igneous crystallization. From the relatively simple U-Pb systematics, it is concluded that the igneous intrusive age for this tonalite is 3302 ± 5 Ma.
00BG05: Sacawee Orthogneiss
This sample of coarse-grained biotite orthogneiss contains a larger proportion of potassium feldspar than plagioclase (in contrast to sample 10SM10). Potassium feldspar megacrysts preserve relict igneous textures. Some muscovite appears to be primary. Accessory minerals include zircon, apatite, and allanite. Zircon grains typically are elongate and euhedral to subhedral, and they may exhibit pyramidal terminations or be subrounded in shape. Yet again, there are many areas that are metamict, but there are also clear unaltered zircon grains and areas within grains. A notable feature is that there are rare, "wormlike" central cavities that imply rapid crystallization in a shallow intrusive setting (for example grain 2). The CL images reveal a variety of internal features and although many grains show oscillatory zoning, some grains have dark-CL, high-U outer components that may reflect a second period of zircon crystallization (supplemental file Fig. DR17 [see footnote 1] ). The analyses of grains 6 and 12 were anomalous, very poorly constrained, and it is probable that they sampled metamict areas; the U-Pb data are included in supplemental file Table DR10 (see footnote 1) but have not been plotted on Figure 4I . The remaining 17 analyses were ≤6% discordant, with low to moderate U concentrations ranging from ~75 to ~475 ppm (supplemental file Table DR10  [ Pb ages for these zircon analyses, and/or subtle ancient radiogenic Pb loss. Nevertheless, we interpret the overall weighted mean of 3304 ± 4 Ma as the best estimate for the igneous zircon crystallization.
Summary of U-Pb Geochronology
The results of U-Pb geochronology described herein suggest that the quartzofeldspathic gneisses of the Sacawee block generally fall into two age groupings: rocks 3385-3450 Ma, and rocks ca. 3300-3330 Ma. These two age groups correspond to the two groups of rocks defined on the basis of field characteristics: the layered gneisses and the massive gneisses. The layered gneisses, composed of Paleoarchean rocks that vary in age by 65 m.y. or more, were intruded by the younger, massive orthogneisses at around 3.3 Ga.
Samples from both groups include zircon indicative of older inherited components. These are most abundant in UC Ranch orthogneiss sample 00SR01, in which low-U zircon cores give a well-defined age of 3.82 Ga. In addition, three other samples also yielded zircon analyses with 207 Pb/ 206 Pb ages ranging from 3.47 to 3.83 Ga. These results suggest that Eoarcheanage crust probably was present throughout the Sacawee block such that Eoarchean zircon could be incorporated into the Paleoarchean quartzofeldspathic gneisses.
GEOCHEMISTRY
Sacawee block quartzofeldspathic gneisses range in SiO 2 content from 65% to 77% ( Table 1) . Layered gneisses exhibit a smaller range (66%-74% SiO 2 ) and are less siliceous on average than the massive gneisses. Layered gneisses are magnesian, calcic, and peraluminous to slightly metalumi nous (Fig. 6) . Na 2 O is high in this group of gneisses (Na 2 O = 4.2%-5.4%), and Na 2 O/K 2 O > 1, consistent with the paucity of potassium feldspar in these rocks (Fig. 7A) . Like many Archean quartzofeldspathic rocks, the layered gneisses (Fig. 7B) lie within the high-Al field of Barker (1979) . Rb contents are between 25 and 75 ppm, except for one sample with Rb = 127 ppm. Sr contents vary between 165 and 470 ppm, and Zr contents vary between 110 and 265 ppm. Nb and Y contents are low (Figs. 8A-8D) , typical of Archean TTG and modern subductionrelated arc rocks (Frost et al., 2016b) .
Compositions of massive gneisses overlap but exhibit greater variability than the layered gneisses. They are mainly magnesian but include some ferroan samples, they are calcic to calc-alkalic, and they are mostly peraluminous but also include two metaluminous samples (Fig. 6) . In contrast to the layered gneisses, many of the massive gneiss samples contain more K 2 O than Na 2 O (Fig. 7A) , and most fall in Barker's low-Al field (Fig. 7B) . Rb extends to higher contents than those of the layered gneisses, and both Sr and Zr extend to lower concentrations (Figs. 8A-8B) .
Rare earth element (REE) patterns of the layered gneisses are enriched in light (L) REEs. Eu anomalies are not pronounced, and heavy (H) REE contents are low (Fig. 9A) . These characteristics define the so-called "J-shaped" pattern that is typical of the Archean TTG association (Martin et al., 2005) . Some of the massive gneiss samples also exhibit this shape (Fig. 9B ), but the majority have a negative Eu anomaly and flat HREE patterns characteristic of the Phanerozoic basalt-andesite-dacite-rhyolite asso ciation (Smithies, 2000) .
Sm-Nd ISOTOPIC DATA
Sm-Nd isotopic data were obtained on 10 samples of massive gneiss and 10 samples of layered gneiss to characterize possible reservoirs that were magma sources for these rocks (Table 2) . Sm contents vary from 1.5 to 8.2 ppm, and Nd contents vary from 8.0 to 51.1 ppm. Despite this 5-fold to 6-fold variation, Sm/Nd ratios are similar (Sm/Nd = 0.14-0.19; 147 Sm/ 144 Nd = 0.0823-0.114) and are typical of LREE-enriched continental lithosphere. Initial e Nd values (calculated at 3.4 Ga) for the layered gneisses vary from +2.9 to -4.1. The entire range is encompassed by three samples from the same locality in the Beulah Belle Lake quadrangle, indicating that significant heterogeneity is present locally. The range in initial e Nd for the massive gneisses is similar to the range for layered gneisses. Initial e Nd values for massive gneisses vary between -1 and -5 at 3.3 Ga. A plot of e Nd as a function of time (Fig. 10) shows that the Nd isotopic compositions of the massive gneisses lie within the isotopic evolutionary paths of the layered gneisses and permit the interpretation that the massive gneisses are formed by remelting of the older layered gneisses.
The positive initial e Nd value of layered gneiss sample 11BBL01 (e Nd = +2.9) is similar to estimates of depleted mantle at 3.4 Ga, suggesting that the magmas from which this rock crystallized may have originated from the mantle or from mafic rocks with Sm/Nd ratios similar to the mantle (Fig. 10) . All other 19 analyses give less-radiogenic initial e Nd . These initial Nd isotopic compositions suggest that the magma sources for most Sacawee block gneisses must have come from older crust. Hf) isotope ratios were measured for a selection of zircon grains from four Sacawee block samples that were also analyzed for zircon U-Pb ages. The purpose of this aspect of the study was to characterize the isotopic composition of the magmas from which the zircon crystallized, and thereby investigate the nature of the sources of these magmas. The samples selected included two ca. 3.3 Ga Sacawee orthogneisses: a granitic sample (00BG5) and a tonalitic sample (10SM10). Zircon from two older samples was also analyzed, the 3.45 Ga layered tonalitic gneiss (10GR2) and the ca. 3.4 Ga UC Ranch orthogneiss (00SR01), which contained abundant, inherited 3.82 Ga zircon cores. Oxygen and Lu-Hf isotopic data were also measured for zircon grains from two samples of Mesoarchean gneiss and granite from the Bighorn Mountains previously dated by Frost and Fanning (2006) . Data are compiled in Table 3 .
O AND Hf ISOTOPIC DATA
Oxygen isotopic compositions of zircon areas analyzed mainly fall within the range of mantle zircon d
18
O values (5.3 ± 0.6‰ for zircon; Table 3 ; Fig. 11 ; Grimes et al., 2013) . Three analyses from the banded gneiss sample 10GR2 were significantly lower (d 18 O of ~4.2‰, ~4.5‰, and ~3.2‰, respectively), as were two analyses from Bighorn granite sample 96BH2 and one from Bighorn gneiss sample 95LH1 (d 18 O of ~4.29‰, 4.26‰, and 3.55‰, respectively). It is likely that the areas analyzed have been altered, or altered areas of zircon were exposed after polishing the U-Pb spots. This is highly likely in the case of the lowest analysis of grain 20 from sample 10GR2 (-3.2‰). In terms of the other analyses, the areas analyzed appear to be of zircon in unaltered condition, and so the low values would be consistent with remelting of crust that was modified by high-temperature hydrothermal alteration (cf. Valley et al., 2005) . Several analyses of 3.3 Ga zircon from 00BG5 and from both 3.4 Ga and 3.8 Ga zircon areas in 00SR01 were slightly higher than zircon mantle oxygen isotope compositions, and extend to ~6.5‰.
Hf isotopic compositions of the same zircon areas from Sacawee gneiss samples, expressed as initial e Hf , define three distinct groupings (Fig.  12) . The first group consists of the zircon analyses from the two 3.3 Ga massive orthogneiss samples (00BG5 and 10SM10). These define a fairly tight cluster of negative initial e Hf values that vary from -3.3 to -4.8, with one analysis at -5.5. A second group is composed of analyses of the inherited, 3.82 Ga zircon cores in the UC Ranch orthogneiss. The initial e Hf values of these zircon areas are tightly clustered at between -3.8 and -5.3 (note that the O and Hf analyses of grain 16 are located in the older core to this grain, not in the rim, as the U-Pb spot location; interpreted initial Hf is -2.2 at an assumed 3.8 Ga crystallization date). The third group is more diffuse and composed of the ca. 3.4 Ga and 3.45 Ga zircon areas from the layered gneisses (10GR2 and 00SR01). The initial e Hf values of these zircon areas tend to be less negative than for the other groups. The zircon analyses from 10GR02 vary from +1.5 to -2.6. The ca. 3.4 Ga zircon areas from the UC Ranch orthogneiss (00SR01) vary from +1.0 to -3.4. The initial e Hf values of zircon from Bighorn Mountain gneisses are similar to this third group, although the zircon ages are at least 300 m.y. younger.
DISCUSSION
Characteristics of the Paleoarchean Crust of the Sacawee Block
The bimodal nature of Archean crust is a well-established feature worldwide (Kamber, 2015) , and the Sacawee block is no exception. Field relations suggest that amphibolite bodies within the massive gneisses represent inclusions of older rock incorporated into younger felsic magma. The relative age of the mafic and felsic components of the layered gneisses is uncertain, as original intrusive relationships have been obscured by subsequent deformation.
U-Pb zircon dating of Sacawee block layered and massive gneisses suggests that these rocks define two age groups: an older group of gneisses with ages between 3.45 Ga and 3.38 Ga, and a younger group with ages between 3.33 Ga and 3.30 Ga. These two age populations appear to correspond to the two groups of rocks identified on the basis of field characteristics: The tonalitic layered gneisses are older, and the trondhjemitic to granitic massive gneisses are younger.
An important finding of this study is the identification of inherited 3.82 Ga zircon in Sacawee block gneisses samples. The fact that the gneisses inherited these old zircons requires not only that 3.82 Ga zircon-bearing crust formed in the Sacawee block area, but also that it persisted for at least 400-500 m.y., so that its zircons could be assimilated into 3.3 Ga and 3.4 Ga gneisses. Hf and O isotopic data from the 3.82 Ga zircon preserve information about the character of this early zircon-bearing crust. The nature of this crust, the petrogenesis of the Paleoarchean layered gneisses, and subsequent formation of more silicic and potassic crust represented by the massive gneisses can all be evaluated with a complete data set on Sacawee block samples, which record 500 m.y. of crustal evolution. A similar data set from younger gneisses and granitic rocks from the Bighorn Mountains allows us to extend the record of crust formation in the Wyoming Province into the Mesoarchean.
Nature of the Earliest Crust in the Wyoming Province
Because of the refractory nature of zircon, which enables it to survive subsequent magmatic and sedimentary recycling and metamorphism, isotopic information from ancient zircons preserves some of the most robust constraints on the character of Earth's oldest crust. Study of detrital grains has identified early events in Earth history. Data on zircons from meta-igneous rocks like those studied here provide contextualized information about the evolution of both the zircon and their host rocks. Hf and O isotopic data for ten 3.82 Ga zircon areas from layered gneiss sample 00SR01 provide such information for Eoarchean zircon-bearing crust in the Wyoming Province ( Table 3; Figs. 11 and 12) . The oxygen isotopic compositions of zircon identify the sources of the magmas from which the zircon crystallized. The d
18
O value is particularly sensitive to the incorporation of sediment into the magmas because supra crustal rocks have higher d
O than mantle-derived melts . Ten zircon areas yielded O isotopic compositions between 5.4‰ and 6.5‰, with an average of 5.9‰. This range encompasses values typical of zircon in rocks differentiated from mantle sources (d 18 O = 5.3‰ ± 0.6‰) but extends to slightly higher values. Kemp et al. (2010) proposed that the slightly elevated d 18 O value common in Archean zircon (and observed in the Sacawee block zircon) reflects the interaction of Hadean crust with a nascent hydrosphere. None of the zircon record higher d
O values (>7.5‰), which are common in younger magmas, and which arise by involvement of sedimentary rocks or rocks that have been weathered or altered at low temperatures and then subducted or buried and partially melted . Such materials evidently played a minor role, if any, in production of Wyoming Province Hadean crust. Hf isotopic compositions of 3.82 Ga zircon provide additional data about the nature of this zircon-bearing crust. Initial e Hf values of the 3.82 Ga zircon areas from sample 00SR01 are between -3.6 and -5.3 (Table 3 ; Fig. 12 ). These negative initial e Hf values preclude derivation directly by differentiation of mantle sources, which will have e Hf of 0 if chondritic, and positive values if depleted. The Hf isotopic composition of the mantle in Hadean and Eoarchean time is not well established. Some authors assume early differentiation led to a depleted mantle with positive e Hf in the Eoarchean (e.g., Kemp et al., 2010) . On the other hand, Vervoort et al. (2015) argued that because the most radiogenic Hf isotopic compositions are chondritic from 4.5 to 3.8 Ga, a depleted mantle did not diverge from chondritic Hf isotopic composition until 3.8 Ga. In either instance, negative initial e Hf values for 3.82 Ga Sacawee block zircon preclude derivation directly by differentiation of mantle sources.
The Hf of ~0.024 (e.g., Griffin et al., 2014) , then that crust must have formed earlier, at around 4.4-4.5 Ga (Fig. 12) . No matter what the composition of the crust containing 3.82 Ga zircons, it was Hadean in age. In the Wyoming Province, Hadean crust may be the source of elevated 207 Pb/ 204 Pb ratios recorded by feldspars and whole-rock samples from Neoarchean granitoids in the eastern Beartooth Mountains, Wind River, and Granite, Owl Creek, and Bighorn Mountains (Wooden and Mueller, 1988; Fischer and Stacey, 1986; Frost et al., 1998; Fruchey, 2002; C. Frost et al., 2006a) . These samples define an array along a 2.8-0 Ga isochron that does not intersect depleted mantle evolution lines (see Fig. 13 ; C. Frost et al., 2006a) . Kamber (2015) noted that a source with a m of 10.75 that separated from depleted mantle at 3.9 Ga would evolve by 2.8 Ga to the observed feldspar initial Pb iso topic compositions of Wyoming Province granitoids. If the Neoarchean granitoids were derived solely from such a source, then its age would be 3.9 Ga. However, because juvenile components also were involved in their petrogenesis ( Mueller et al., 2010; C. Frost et al., 2006a) , the time at which the high-m source separated from the mantle must have been earlier than 3.9 Ga, corroborating the Hf isotopic evidence for Hadean crust presented in this study.
A number of lines of evidence suggest that Hadean crust may have been heterogeneous in composition, but mainly composed of mafic rocks. Kamber et al. (2005) and Kamber (2007) pointed out that given Hadean radioactive heat production, any early crust with more K, U, and Th than a magnesian basalt would not be thermally stable. They observed that although a solid mafic crust could form on a Hadean Earth, it would contain little to no zircon, and therefore would not be represented in crustal zircon inventories. Such a mafic crust could have sufficiently high m to account for the elevated initial 207 Pb/ 204 Pb values of Archean gneisses that formed from U/Pb sources that were higher than the mantle, given the relative incompatibility of U over Pb and by analogy with the elevated U/Pb ratio of lunar basaltic crust (Kamber et al., 2005) . However, if mafic crust became more than ~40 km thick, the lower portions may have partially melted, and zircon could crystallize in felsic segregations (Kamber, 2007) . To account for the mildly elevated d
O of some Archean zircon, Kemp et al. (2010) envisioned that Hadean mafic crust originally exposed to the Hadean atmosphere or hydrosphere would be buried by mantle-supplied volcanism. This process would move altered portions of the crust downward to depths where they could partially melt.
Such a scenario is consistent with the data from the Sacawee block presented in this study. The initial Hf isotopic compositions of 3.82 Ga zircon areas require a Hadean crustal source. Portions of this crust were exposed to the Hadean atmosphere or hydrosphere, which would explain some analyzed zircon areas that are higher than mantle d 18 O (Fig. 13A) . The majority of this crust is likely to have been mafic in order for in situ heat production to have been low enough to maintain a solid crust, but parts of this crust must have partially melted and differentiated at 3.82 Ga in order for zircon to form (Fig. 13B) .
Formation of Layered Gneisses at 3.45-3.37 Ga
There is near-universal agreement that Archean TTG suites formed by partial melting of garnet-bearing amphibolite, in some cases followed by fractional crystallization (Martin, 1987) . The mineral phases involved in the melting reactions, and thus the pressure at which melting took place, are indicated by trace-element compositions of the TTG suites. Moyen (2011) identified three groups: The high-pressure group has low HREE contents, low Nb, and high Sr, reflecting the equilibrium of TTG melts with garnet and rutile but not plagioclase. Low-pressure TTGs, in contrast, have higher HREE contents and Nb but lower Sr, reflecting the presence of plagioclase in the residue with lesser amounts of garnet and no rutile. Moyen's medium-pressure group has trace -element characteristics that are intermediate between these end members. The geochemical compositions of the layered gneisses of the Sacawee block are comparable to other (TTG) terrains formed worldwide. The compositions of layered gneisses of the Sacawee block fall within the fields defined by Moyen's low-and medium-pressure groupings (Figs. 8C,  8E , and 8F). The low Yb and other HREEs in Sacawee layered gneisses reflects the presence of garnet in the residue, and their high-Al (Fig.  7B ) and moderate Nb (Fig. 8D) , then it would evolve to e Hf = -8 at 3.4 Ga. However, the observed initial values for 3.4 Ga zircon areas cluster around e Hf = 0. Therefore, a second, more radiogenic mafic source is also required. Because the heat for partial melting may derive from upwelling mantle or melts thereof, and because there is evi dence that a depleted mantle was present by ca. 3.4 Ga (e.g., Vervoort et al., 2015) , a depleted mantle source is likely. Depending on the depleted mantle model, this source will have e Hf = +3 to +4. If only these two sources are involved, then the proportion of Hf supplied by the mafic crust, X Hf , is given by: For tonalite banded gneiss sample 10GR2, the proportion of Hf from Hadean crust varies between 20% and 55%, and for UC Ranch tonalite sample 00SR1, the proportion is 10%-63%. This result suggests that depleted mantle provided both heat and mass, but that the Hadean mafic crust also supplied a substantial fraction of the melt (Fig. 13C) . A substantial crustal component is also required by the negative initial e Nd of Sacawee layered gneisses (Fig. 10) .
Formation of Massive Gneisses at Ca. 3.3 Ga
The geochemical and isotopic data of the slightly younger massive gneisses are consistent with two modes of origin. The tonalitic massive gneisses, which have major-and trace-element compositions that are indistinguishable from the layered gneisses, may share a common petrogenesis and, like their older counterparts, may have formed by partial melting of mafic crust and depleted mantle. The granitic massive gneisses have different geochemical characteristics and likely formed by a different process. This group of younger gneisses typically has higher SiO 2 , K 2 O, and Rb contents than the older gneisses. They are mainly low in Al, and their REE patterns do not exhibit the depletion in HREEs characteristic of the layered gneisses. Their initial e Nd values lie within the evolution- ary trend of the older gneisses. All these characteristics are compatible with an origin by partial melting of the slightly older layered gneisses, yielding more siliceous, large ion lithophile element-enriched, granitic melts (Fig. 13D) . Similar intracrustal differentiation to form more potassic granitoids within a TTG terrain has been documented from elsewhere in the Wyoming Province (C. Frost et al., 2006a) , and from other Archean cratons (e.g., Smithies et al., 2003) .
Continued Episodic Growth of Archean Crust in the Wyoming Province
Episodic production of TTG followed by intracrustal melting and production of granitic rocks occurred more than once in the Wyoming Province. The record of a second cycle of TTG production and granite formation is preserved in the Bighorn Mountains (Figs. 13E and 13F ). The southern Bighorn Mountains expose TTG gneisses and amphibolites. The oldest precisely dated magmatic event occurred at 2950 ± 5 Ma, when diorite to granite sills and dikes intruded older gneisses. Rocks from 3.0 to 3.3 Ga may be present in the gneissic basement, as indicated by the oldest dates obtained on areas of zircons that are interpreted as inherited cores. A tonalitic gneiss was intruded into the gneiss complex at 2886 ± 5 Ma. Deformation of the gneisses preceded the intrusion of the Bighorn batholith over the period 2.86-2.84 Ga (Frost and Fanning, 2006) . In compositional contrast to the tonalitic gneisses of the southern Bighorn Mountains, the Bighorn batholith is a composite, calc-alkalic batholith composed dominantly of granite and granodiorite, with minor tonalite (C. Frost et al., 2006a) .
Although rocks of the Bighorn Mountains are more than 300 m.y. younger than the Sacawee block gneisses, their Hf and O isotopic compositions are similar. Like the zircon analyses from Sacawee gneisses, the d
18
O values of the Bighorn samples are characteristic of mantle or slightly evolved sources (Fig. 11) . In addition, Bighorn zircon analyses yield initial e Hf values that scatter around chondritic values, similar to the initial e Hf values for the older gneisses of the Sacawee block (Fig. 12) . Because the Hf isotopic composition of crust and mantle sources evolves with time, at ca. 2.9 Ga, depleted mantle values were more radiogenic, and Sacawee block crust was less radiogenic than the rocks of the Bighorn Mountains. C. Frost et al. (2006a) proposed that the TTG gneisses of the Bighorn Mountains formed in response to mantle heat and mass applied to the base of the crust, and that both mantle and crustal sources contributed partial melt to form the TTG magmas. Inherited zircon from 3.0 Ga to 3.3 Ga suggests that the crustal sources were of this age. Like the Hf isotopic compositions, the Nd isotopic compositions of Bighorn samples are also intermediate between those of the Sacawee block and inferred depleted mantle. If the Sacawee block represents the crustal source for Bighorn TTG, then the Sacawee gneisses likely extended beneath the Bighorn Mountains (Fig. 10) . The apparent absence of any zircon older than ca. 3.3 Ga suggests that Hadean crust either was not present beneath the Bighorn Mountains or that it did not persist to 2.9 Ga. Kamber (2015) recognized two types of Archean continental crust. One type is composed of juvenile crust that formed very rapidly, without involvement of much preexisting older crust. These crustal segments include the Pilbara and Kaapvaal cratons and some of the subprovinces of the Superior Province, such as Abitibi. Two brief examples serve to illustrate the characteristics of this type of Archean continental crust. The Pilbara craton, a classic Archean "granite-greenstone" terrane, is composed of dome-like granitoids and curvilinear belts of greenschist-and amphibolite-grade metavolcanic and metasedimentary rocks. The oldest of these belts is the Pilbara Supergroup in the East Pilbara terrane, which consists of multiple, short-duration cycles of volcanism and sedimentation that took place between 3.52 and 3.23 Ga . In a study of the oldest zircon crystals from the craton, Kemp et al. (2015) determined that the zircons crystallized from juvenile magmas of chondritic mantle composition, and they provide no evidence for the involvement of early Archean or Hadean crust. The Abitibi greenstone belt is another, younger example of an Archean crustal segment composed of repeated cycles of komatiitic and basaltic volcanic rocks with some intermediate and felsic volcanic rocks. Like the older Pilbara craton, individual cycles of volcanism were short (3-15 m.y.; Ayer et al., 2002) . The entire sequence was assembled between 2.75 and 2.67 Ga (Thurston et al., 2008) . Most of the Abitibi subprovince was formed from contemporary depleted mantle sources. Evidence for the involvement of older crust is restricted to locations along the western edge of the Abitibi greenstone belt, where zircons from the proximal, evolved Wawa terrane are found (Ketchum et al., 2008) .
IMPLICATIONS AND CONCLUSIONS
The second type of Archean crust, "longlived Archean continental lithosphere," is characterized by elevated 207 Pb/ 204 Pb isotopic compositions that require involvement of high-m sources that separated from the mantle in the Hadean and by the presence of inherited 3.8-3.6 Ga zircon xenocrysts, also indicating the presence of old crust. The Acasta gneisses of the western Slave Province are among the group of long-lived ancient cratons identified by Kamber (2015) . The initial Hf isotopic compositions of ancient Acasta zircons are subchondritic, consistent with their derivation from Hadean crust (Fig. 12) . Other areas that represent this type of crust include the North Atlantic, Yilgarn, Zimbabwe, North China, and Wyoming cratons.
The Sacawee block gneisses exemplify Kamber's second type, and data presented in this study add to our understanding of the origin and evolution of this type of long-lived Archean crust. First, our data reveal the record of an ancient, 3.82 Ga differentiation event during which Hadean crust was partially melted, and zircon crystallized from those melts. Documentation of this event supports the hypothesis of Vervoort et al. (2015) that "growth of continental crust begins in earnest at ~3.8 Ga."
Hadean crust must have persisted in the Sacawee block until 3.45-3.37 Ga, when mafic crust partially melted to form the TTG layered gneisses, which also incorporated the 3.82 Ga zircons. Thus, the Sacawee block is a significant addition to the sparse record of evidence of Hadean crust being reworked to form the much more abundant quartzofeldspathic TTG gneisses in Archean terrains worldwide.
Second, the central Wyoming Province preserves evidence of the episodic crustal reworking and growth in the period of Earth's history prior to plate tectonics. U-Pb geochronology from the Sacawee block and in the adjacent Bighorn Mountains suggests that zircon crystallization was confined to specific intervals, namely, 3.8 Ga, 3.4-3.3 Ga, and 3.0-2.9 Ga. During the latter two episodes, the cycle began with magma contributed from both preexisting crust and mantle sources. This suggests that the mantle supplied both heat and mass to the base of the crust, inducing partial melting. In this interpretation, crustal deformation preceded an intracrustal recycling stage, in which the older gneisses partially melted to produce more silicaand potassium-rich granitic rocks. These processes reworked Earth's early crust, effectively transforming the evolving continental crust from mafic to felsic in composition.
The episodic nature of crust formation in the central Wyoming Province supports an emerging global record of pulsed crustal growth. The oldest relative age peak identified in global compilations of zircon U-Pb ages is ca. 3.8 Ga, as documented by Griffin et al. (2014) . Zircon of this age is known from the Slave craton ( Pietranik et al., 2008) , from Nuvvuagittuq (O'Neil et al., 2013) , west Greenland (Amelin et al., 2011) , and now also from the Sacawee block (this study). Both Kemp and Hawkesworth (2014) and Griffin et al. (2014) , analyzing databases dominated by data from detrital zircons, identified a global zircon age peak at around 3.4-3.3 Ga, the approximate age of the Sacawee block layered gneisses.
The rock record of early Earth's crust is sparse. Although information from ancient detrital zircons helps to fill the void, the direct record from Paleoarchean crust provides a more complete picture of early Earth processes. Data from the Sacawee block in the central Wyoming Province are an important addition to the catalog, preserving evidence of how Hadean mafic crust was reworked to form the felsic TTG crust observed in Archean terrains worldwide.
